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a b s t r a c t 
4 probes with Fiber Bragg Gratings (FBGs) will be integrated in Plasma Facing Component (PFC) of the 
WEST lower divertor in order to measure the bulk temperature distribution in the poloidal direction (11 
locations equally spaced). A 2D nonlinear unsteady calculation combined with the Conjugate Gradient 
Method (CGM) and the adjoint state is used in order to estimate the space and time evolution of the 
surface heat ﬂux based on temperature measurements. Synthetic measurements are generated assuming 
optical projection of the heat ﬂux taking into account physical effects such as heat ﬂux decay length ( λq ) 
and power spreading factor ( S ) in the private ﬂux region and geometrical effects such as surface cham- 
fering and round leading edges of the component. The inverse method is applied on different synthetic 
measurements in order to evaluate the ability of using FBG measurements to characterize the heat ﬂux 
poloidal proﬁle. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Understanding heat ﬂux deposition processes on Plasma Facing
omponents (PFC) is essential for PFC designs in order to allow re-
iable high power steady state plasma operations. One of the main
bjectives of the WEST (W for tungsten Environment in Steady-
tate Tokamak) project is to study the behavior of ITER-like actively
ooled tungsten (W) Plasma Facing Units (PFU), in order to mit-
gate the risks for ITER [1] . The ITER-Like PFU should withstand
eat ﬂuxes of 10 MW.m −2 in steady state. It is therefore necessary
o measure these high heat ﬂuxes in order to know their amplitude
nd spatial distribution on the PFC surface. To achieve these ob-
ectives, innovative and ambitious thermal instrumentation as the
iber Bragg Gratings (FBGs) diagnostic are planned in the WEST
ower divertor where the ITER-like components will be integrated. 
The ﬁrst part of the paper describes the FBGs diagnostic. Then,
he heat ﬂux estimation methodology with the FBGs measurement
s described and tested ( Section 3 ). Finally, the results and the
ccuracy of the method with synthetics data (based on 3D mod-
lling) are discussed ( Section 4 ). ∗ Corresponding author. 
E-mail address: Jonathan.gaspar@univ-amu.fr (J. Gaspar). 
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.1. WEST lower divertor 
The WEST lower divertor target is located at the bottom of the
hamber ( Fig. 1 a). It is made of 12 independent toroidal sectors of
0 °, each composed by 38 PFUs to form a toroidal ring structure.
t the start, 11 sectors will be made up of non-actively cooled W
oated graphite PFCs (W-coating are 15 μm thick) and only one
ector will be a mix of actively cooled ITER-like W PFU and in-
rtial graphite components [2] . The operation with non-actively
ooled PFCs is a good opportunity to monitor the temperature with
mbedded measurements. The inertial target is divided into two
lasma Facing Components (PFCs), one in a Low Field Side (LFS)
alled the outer PFC and one in the High Field Side (HFS) called
he inner PFC. The inertial components will be progressively re-
laced by the ITER-like W PFU, made of W monoblocks bonded to
 copper alloy tube [3] . 
The divertor X-point conﬁguration allows access to a wide
ange of plasma equilibrium (changing the X-point height to the
arget). In this paper we will focus on a particular conﬁgura-
ion called Far X-Point (FXP), with X-point localized around 7 cm
bove the divertor ( Fig. 1 a). In this conﬁguration the heat ﬂux
roﬁle along the poloidal direction is very peaked at the strikeY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. a) Poloidal magnetic ﬁeld conﬁguration (Far X-Point) in the WEST Tokamak. b) 2D poloidal cross section of the PFC with FBGs (the surface exposed to the plasma is 
on the top). c) 2D toroidal cross section. 
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tpoint locations (intersections of red line and lower divertor in the
Fig. 1 a) because of the low magnetic ﬂux expansion. This is the
most diﬃcult case for our study. 
2.2. Fiber Bragg gratings description 
The FBGs are temperature transducer based on a diffraction
gratings photowritten by laser into the core of an optical ﬁber. The
FBG advantages is to be immune to electromagnetic interference
and to allow the measurement of temperature at different loca-
tions on a single ﬁber with the same footprint than a thermo-
couple (typically 1 mm in outside diameter). The FBGs are moni-
tored in reﬂection by a spectrometer (spectral range of 85 nm be-
tween 1510 and 1595 nm) with a data acquisition rate of 10 Hz
during a pulse. As shown in Fig. 1 b each sensing line includes 11
Bragg gratings (length of 3 mm) equally spaced by 12.5 mm in the
poloidal direction (typical distance between 2 consecutive ITER-
like W monoblocs). The Bragg wavelengths of the gratings have
been designed to avoid spectral overlapping during temperature
gradient measurement (spectrally spaced allowing maximal T be-
tween two successive gratings of 540 °C). 
The FBG time-response can be characterized through a sim-
ple ﬁrst order equation giving its step response u ( t ) deﬁned by
u (t) = 1 − exp ( − t τ ) where τ is the time constant deﬁned as the
duration required for the sensor to exhibit a 63% change from an
external temperature step [4] . In our process operating condition
(1 mm sheathed ﬁber embedded with graphite adhesive) we have
τ ≈ 400 ms ( τ ≈ 150 ms for a convective exchange into a water
bath). During the heat ﬂux estimation we take into account the
FBG time-response by convoluting the temperature calculated at
the Bragg gratings locations with the FBG step response u ( t ) for
τ =400 ms . 
To test the FBGs capabilities to monitor the PFC temperature,
it is planned to install 4 probes with FBGs embedded (in lat-
eral groove of 4 mm see Fig. 1 b) in non-actively cooled W-coated
graphite PFC of the WEST divertor at 3.5 and 7 mm below the sur-
face (2 at each depth). The FBGs embedded at 3.5 and 7 mm will
be named FBG Upper (FBGU) and FBG Lower (FBGL), respectively.
The two depths have been selected to investigate different temper-
ature ranges and maximize the heat ﬂux sensitivity of the mea-
surements. At these depths the maximal temperature expected for
the FBGs is about 10 0 0 °C, this leads us to use regenerated FBGs
[5] which can measure temperature up to 10 0 0 °C. Please cite this article as: J. Gaspar et al., Surface heat ﬂux estimation
study, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.n. Heat ﬂux estimation methodology 
.1. Inverse heat conduction problem 
The Inverse Heat Conduction Problem (IHCP) consists in the de-
ermination of the surface heat ﬂux φ minimizing the discrepancy
etween the output of a heat conduction problem (the PFC bulk
emperature T ) and the temperature measurements provided by
he eleven Bragg gratings. 
The ﬁrst step is to deﬁne the heat conduction modelling (di-
ect problem) to calculate the temperature history at the FBGs lo-
ations depending on the heat ﬂux φ absorbed by the PFC. The
FC geometry and dimensions are illustrated in the ﬁgures 1b and
 where x represents the poloidal direction, y the toroidal direc-
ion and z the depth in the PFC. The top surface of the PFC is
haped with a tilt of 1 ° and round edge of 2 mm on each leading-
dge ( Fig. 1 c). The PFC is made of graphite coated on top and side
ith a thin tungsten deposit (15 μm). The high heat ﬂux consid-
red in this study leads us to take into account the dependency of
he graphite thermal properties with the temperature. The PFC ex-
hanges a radiative heat ﬂux with the surrounding surfaces that
re assumed to behave like the blackbody at T rad = T(t = 0) , the
missivity of the graphite and the W coating is assumed known
respectively ε G = 0.8 and ε W = 0.3). Moreover, the WEST chamber
s under high vacuum condition during operation (no convection
xchanges). 
The PFC is initially isothermal (t = 0 s), then the boundary sur-
ace Г1 is subjected to a heat ﬂux φ( x, y, t ). Furthermore for a sin-
le PFC the heat ﬂux on the top surface is quite uniform in the
oroidal direction. This leads us to assume the heat transfer prob-
em as a bi-dimensional problem (in x and z Fig. 1 b). The princi-
al bias of such assumption is to neglect the round leading-edge
which is close to the FBGs) which is not expected to receive heat
ux because of is geometry (optical projection). The accuracy of 2D
ersus 3D calculations, that enable to save computing time, will be
tudied in this paper. 
The Conjugate Gradient Method (CGM) combined to the adjoint
tate is the optimization process used to solve the non-linear IHCP.
he iterative CGM algorithm (direct, adjoint and sensitivity prob-
em) will not be developed in this paper, the reader can refer to
revious work to see the details [6] . The mathematical formula-
ions of the direct, adjoint and sensitivity problems are solved by
he ﬁnite element method with the software CAST3M.  with embedded ﬁber Bragg gratings measurements: Numerical 
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Fig. 2. φ( x ) with λq = 5.0 mm (Eq. 1) with several S values from 0 to 5 mm. 
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Fig. 3. φexact ( x ) with λq = 5.0 mm (Eq. 1) for: ( —) S → 0 mm and ( —) S = 2 mm with 
Bragg gratings poloidal locations (vertical lines). 
Fig. 4. Temperature simulation performed with ANSYS at FBGL location (embedded 
at 7 mm) for λq = 5 mm and S → 0 mm with τ =400 ms and=1 ◦C . 
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(  .2. Heat ﬂux proﬁle 
To solve the IHCP we need a priori information on the heat ﬂux
nd especially on its spatial distribution. Eich et al. showed for the
ET and ASDEX divertors [7] that the spatial distribution of the heat
ux in the outer side can be expressed by a heuristic formulation,
uilt with IR thermography during Carbon-wall operations, deﬁned
y: 
( x, t ) = φM ( t ) 
2 
exp 
[ (
S 
2 λq 
)2 
− x − x 0 
λq f x 
] 
er f c 
×
(
S 
2 λq 
− x − x 0 
S f x 
)
with φ( x > 143 mm , t ) = 0 (1) 
here x is the target coordinate, x 0 is the strike point location,
q is the power decay length inside the scrape off layer, S is the
ower spreading factor in the private ﬂux region and f x is the mag-
etic ﬂux expansion on the PFC. For the FXP conﬁguration studied
ere f x is assumed known and equal to 3. The heat ﬂux is set to 0
or x > 143 mm due to the baﬄe shadowing which intersects the
agnetic lines.In our case with the eleven FBGs measurements, we
ropose to estimate simultaneously the four unknowns: φM ( t ) the
ime evolution of the maximal heat ﬂux (when S = 0), λq , S and x 0 
 f x will be considered known and equal to 3). By the estimation of
q and S we can characterize the heat ﬂux spatial distribution from
n exponential distribution (when S = 0) to a Gaussian distribution
when S = λq ) as illustrated in the Fig. 2. 
.3. Accuracy test of the method with 2D modelling 
The objective here is to show the accuracy of the present ap-
roach in predicting φ( x, t ) with FBGs measurements from a 2D
eat conduction modelling. That is the reason why we use the
ame expression of the heat ﬂux spatial distribution and the same
D heat conduction modelling to synthetize the measurements and
o inverse them (Eq. 1) . In order to avoid the “inverse crime” (same
odel used to synthetize numerical data and to inverse them) we
ynthetized the measurements by solving the direct problem with
he software ANSYS (with different mesh and smaller time step)
hile we use CAST3M for the estimation. The heat ﬂuxes used to
ynthetize the measurements are calculated with the Eq. (1) for
everal values of λq (2.5, 5 and 10 mm) and S (no S or S = 40% of
q ). 
For λq = 5 mm and S → 0 mm (exponential distribution) we
hoose x 0 = 93 mm and φmax = 12.75 MW.m −2 . The value of φmax 
s due to the shaping of the graphite PFC which have a tilt of 1 °
n comparison to the ITER-like PFU (with completely ﬂat surface).
ecause of this tilt, when the ITER-like PFU is submitted to 10
W.m −2 the graphite PFC receives 12.75 MW.m −2 in the FXP con-
guration. When we change the value of S we keep the heat ﬂuxPlease cite this article as: J. Gaspar et al., Surface heat ﬂux estimation
study, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nntegral constant, this leads different values of φmax from 12.75 and
.75 MW.m −2 when S is equal to 0 and 2 mm (see Fig. 3 ), respec-
ively. The resulting heat ﬂuxes are shown in the Fig. 3. 
At t = 0 s the PFC is at a uniform temperature T 0 = 90 °C. The
imulated time is 6.5 s and the time evolution of the imposed heat
ux consists in a heating pulse of 3 s (minimum duration in or-
er to reach the thermal equilibrium of the actively cooled ITER-
ike PFU) starting at t = 0.5 s. The Fig. 4 shows the evolution of
he noisy temperature (Gaussian distribution with standard devi-
tion σ = 1 °C) at the Bragg gratings location taking into account
he FBGs time response ( τ = 400 ms). As expected the Bragg grat-
ngs close to the peak heat ﬂux have the maximal heating while
he Bragg gratings 1 and 2 have a heating level lower than noise
easurement. 
We present the results of the inversion using the synthetic
easurements for λq = 5 mm and two S values: 1) S → 0 mm and
) S = 2 mm. The initial parameters are set for the two cases to:
q = 10 mm (twice of the exact value), S = λq , x 0 = 80 mm and φM ( t )
s determined with a deconvolution method using the measure-
ents of the Bragg grating 8 with a 1D quadrupole model and
ikhonov regularization [8] . The computational time for a single it-
ration is about 4 min and the number of iterations needed to con-
erge is about 100. Figs. 5 and 6 show the estimated heat ﬂux de-
endencies with time and poloidal location x (focused on the heat
ux region). We note that the spatial distribution of heat ﬂuxes
re well recovered for all cases. The estimated heat ﬂux time evo-
ution shows some oscillations of about 13% around the target val-
es. However, the average during the heating gives a more precise
stimate (lower than 5%). 
The estimation of λq is done with an error less than 2% for all
ases and especially for λq = 2.5 mm where the heat ﬂux is the
ost peaked. We note that when S → 0 mm the estimated value
f S is 0.116 mm which is low enough in regard to the mesh size
here 1 mm) to obtain an exponential distribution. Moreover when with embedded ﬁber Bragg gratings measurements: Numerical 
me.2016.10.015 
4 J. Gaspar et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–5 
ARTICLE IN PRESS 
JID: NME [m5G; October 25, 2016;12:31 ] 
Fig. 5. For λq = 5.0 mm φexact M (t) with: ( —) S → 0 mm and ( —) S = 2 mm. φestimated M (t) 
with: ( —) S → 0 mm and ( —) S = 2 mm. 
Fig. 6. For λq = 5.0 mm φexact M (x ) with: ( —) S → 0 mm and ( —) S = 2 mm. φmean M (x ) 
with: ( —) S → 0 mm and ( —) S = 2 mm. . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. φ( x, y ) calculated by PFCFlux for λq = 5.0 mm and S → 0 mm at the mid-plane, 
magenta dotted line is the cross section of the 2D modelling (FBG location). (For 
interpretation of the references to colour in this ﬁgure legend, the reader is referred 
to the web version of this article.). 
Fig. 8. Temperature simulation performed with ANSYS in 3D at FBGL location for 
λq = 5 mm and S → 0 mm with τ =400 ms and σ =1 ◦C . 
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r  S = 2 mm, the estimated power spreading factor S is 2.02 mm (low
error of 1%) allowing to characterize the spatial distribution of the
heat ﬂux in the private ﬂux region. These results show the accu-
racy of this approach to estimate the intensity of the heat ﬂux and
its spatial distribution through the estimation of λq , S and x 0 with
simpliﬁed geometry (no round leading-edge). The same method-
ology has been applied on synthetic FBGU measurements show-
ing equivalent results with the same order of accuracy on the esti-
mated values. 
4. Heat ﬂux estimation results with 3D modelling 
The objective of this section is to determine the accuracy of the
present approach in predicting φ( x, t ) using a 2D modeling for the
inversion with synthetics FBGs measurements generated with a 3D
modeling. In this 3D modeling, the surface heat ﬂux φ( x, y ) is the
output of the PFCFlux code [2] that takes into account the 3D ge-
ometry of the PFC and the magnetic equilibrium. 
4.1. Synthetic measurements 
The heat ﬂux φ( x, y ) is computed with the PFCFlux code in
the FXP conﬁguration for all values of λq at the mid-plane and
two values of S: S → 0 mm (exponential distribution) and S = 40%
of λq (Eq. 1) . As described in [2] , PFCFlux is a software dedi-
cated to the calculation of the conducted power along the mag-
netic ﬁeld lines assuming purely parallel transport (no cross-ﬁeld
transport) from the mid-plane to the PFC surface. Based on ray
tracing techniques, it is able to simulate the magnetic shadowing
between adjacent PFC’s. One of the particularity of this calculation
is to take into account the variation of the magnetic ﬁeld angle
of incidence along the PFC which is not taken into account in the
Eq. 1 . The deposited heat ﬂux map for λq = 5 mm and S → 0 mm is
shown in the Fig. 7 with the representation of the poloidal cross
section of the 2D modeling (magenta). One can note at the bottomPlease cite this article as: J. Gaspar et al., Surface heat ﬂux estimation
study, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nf the surface the shadowing ( φ = 0 in blue) due to the neighbour
FC (about 3 mm bandwidth). In addition, it appears also that the
eading-edge of the PFC are not submitted to heat ﬂux due to their
 mm round edge (result from PFCFlux). 
Fig. 8 shows in continuous lines the synthetic measurements
enerated with ANSYS in 3D using the heat ﬂux computed with
FCFlux with the same time evolution as previously (heating pulse
f duration 3 s). As expected the discrepancies between the 3D and
D modeling (Fig. 4) increase with time. The 3D heating with the
ame peak heat ﬂux is lower than the 2D one (about 13% after 4 s
or the Bragg grating 7) and the cooling rate is higher. This can be
xplained with the little wetted areas in the 3D modeling due to
he shadowing effects and especially for the PFC curved side close
o the FBGs location (2 mm round edge with no heat load). 
.2. Estimation results 
We present here the results of the inversion using the 3D syn-
hetics measurement for λq = 5 mm with S → 0 mm and S = 2 mm.
he initial parameters are set as previously: λq = 10 mm, S = λq ,
 0 = 80 mm and φM ( t ) with a deconvolution method [8] . 
Figs. 9 and 10 show respectively the estimated heat ﬂuxes ver-
us time and poloidal location. The pulse dynamic is well recov-
red despite the underestimation of the intensity especially when
 → 0 mm. The error goes to 35% for λq = 2.5 mm with S → 0 mm and
s lowers when S = 0 mm (under 18%), the values are summarized
n the Table 1 where φmean is the average of the heat ﬂux at the
aximum location for 0.9 < t < 3.1 s. 
The high error when S → 0 mm can be explained by the esti-
ated value of S which is at minimum equal to 0.9 mm (for all
q ). This minimal value of S is due to the fact that some 3D ef-
ects are not taken into account in the inversion modeling (2D
eat transfer modeling). The main 3D effect causing this inaccu-
acy comes from the side of the PFC which are not submitted to with embedded ﬁber Bragg gratings measurements: Numerical 
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Table 1 
Results of the estimation for all λq and S for FBGL with 3D synthetic measurements. 
Exact FBGL Exact FBGL Exact FBGL Exact FBGL Exact FBGL Exact FBGL 
φmean (MW.m -2 ) 12,75 8,36 7,75 6,36 12,75 9,7 7,75 6,56 12,75 10,64 7,75 6,42 
−34,4% −17,9% −23,9% −15,4% −16,6% −17,2% 
λq (mm) 2,5 2301 2,5 2281 5 4578 5 4497 10 9476 10 9223 
−7,9% −8,8% −8,4% −10,1% −5,2% −7,8% 
S (mm) 0 0913 1 1297 0 0907 2 2,2 0 0842 4 3,97 
+ 29,7% + 10,0% −0,8% 
x 0 (mm) 93,4 93,31 93,4 93,45 93,4 93,28 93,4 93,65 93,4 93,13 93,4 94,06 
−0,1% + 0,1% −0,1% + 0,3% −0,3% + 0,7% 
Fig. 9. For λq = 5.0 mm φexact M (t) with: ( —) S → 0 mm and ( —) S = 2 mm. φestimated M (t) 
with : ( —) S → 0 mm and ( —) S = 2 mm. 
Fig. 10. For λq = 5.0 mm φexact M (x ) from PFCFlux with: ( —) S → 0 mm ( —) S = 2 mm. 
φmean M (x ) with : ( —) S → 0 mm and ( —) S = 2 mm. 
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[eat ﬂux due to their shaping (2 mm round edge) and furthermore
he FBGs are embedded very close to this round edge (in lateral
roove of 4 mm). This leads to estimate inaccurately the heat ﬂux
hen its spatial distribution is a pure exponential with no ﬂux
n the private ﬂux region. To overcome this inaccuracy it is pos-
ible to set S at a prescribed value when S ≤ 0.9 mm. However for
 ≥ 0.9 mm the error on the heat ﬂux intensity is attenuate and
quivalent for all λq (from 15 to 18%). Also, the estimation of S is
erformed with decreasing error from 30% to 1% respectively for S
qual to 1 and 4 mm. 
Moreover the estimation of λq is carried out with error up to
0% unaffected by S value. The increase of the error, in compari-Please cite this article as: J. Gaspar et al., Surface heat ﬂux estimation
study, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.non to the previous section (2% in the accuracy test with 2D mod-
lling), can be explained by the fact that our heat ﬂux proﬁle a
riori (Eq. 1) does not take into account the variation of the mag-
etic ﬁeld angle of incidence on the contrary to PFCFlux. This error
ould be reduced by modifying the Eq. (1) in order to consider the
ariation of the magnetic ﬁeld angle of incidence along the PFC. 
. Conclusion 
2D nonlinear unsteady calculations have been used with the
onjugate Gradient Method and the adjoint state, for the heat ﬂux
stimation on the divertor graphite PFCs of the WEST tokamak. The
ombination of the heuristic target heat load proﬁles [7] with the
nverse heat ﬂux calculation using the embedded FBGs data, allows
he estimation of the maximum intensity φM ( t ), the decay length
 λq ), the power spreading factor ( S ) in the private region and the
trike point location ( x 0 ) of the surface heat ﬂux on the divertor
FCs. 
After a validation with 2D synthetic data, we have applied the
ethod to synthetics measurement generated with 3D modeling
nd heat ﬂux φ( x, y ) calculated with a dedicated code (PFCFlux [2] )
aking into account surface chamfering and round leading edges of
he PFC. The mean heat ﬂux intensity is underestimated from 18%
hen S ≥1 mm and 35% when S → 0 mm. The results show that the
ssumptions of our model (2D, heuristic formulation for the spatial
istribution of φ) lead to acceptable and contained errors on the
eat ﬂux estimation as on the decay length estimation (errors on
q estimation up to 10% unaffected by S value). 
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